Atomic migration within the organized oxygen overlayers on the basal plane of Ru͑001͒ is modeled within phenomenological mesoscopic model accounting for all possible atomic jumps within the adsorbate and capable of accessing several time scales in the migration kinetics. Experimentally observed diffusion and trapping of the isolated oxygen vacancy within the 3O͑2ϫ2͒ overlayer at coverage ϭ3/4 are accounted for. The comparison with experiment is used to propose values of parameters for interactions between an atom adsorbed at a hcp site and another one temporarily at some of the neighboring bridge sites. The modeling is extended to the O͑2ϫ2͒ overlayer at ϭ1/4 and it is shown that for this structure a competing diffusion channel exists which breaks down the equivalence of the atomic migration behavior between the organized ϭ1/4 and ϭ3/4 overlayers. For both overlayers simplified effective models are formulated, free of unobservable metastable configurations and unobservable time scales. Considerations for the ideal O͑2ϫ1͒ rowlike overlayer at ϭ1/2 confirm that occasional jumps of the oxygen atoms to one side of the rows should be observable in the STM images for this overlayer in contrast to the ϭ1/4 and 3/4 overlayers for which an excess atom or a vacancy, respectively, are necessary to initiate observable atomic migration processes.
I. INTRODUCTION
The mobility of surface species limits the catalytic activity of adsorbed species whenever other kinetic processes like adsorption, desorption, or the chemical reaction are slower than the mass transport along the surface. The field ion and and field-emission microscopy became in the past the established methods of choice to investigate these phenomena. 1, 2 Scanning tunneling microscopy ͑STM͒ is the method of choice to track the surface migration of individual atoms. This method allows for good control of adsorbate coverage and ordering and allows us to identify the individual atomic jumps which contribute to the overall mass transport along the surface. Reference 3 provides one of the most recent reviews of this subject.
Detailed knowledge of the adsorbate surface geometry at various coverages is essential information needed for reliable modeling of the surface migration processes. One of the systems for which such detailed structural information is available is oxygen adsorbed at a basal plane of the hcp metal ruthenium-the Ru͑001͒ surface. This system has been studied extensively for quite some time. Relevant to our investigation is early molecular orbital calculation of the oxygen binding energy at different adsorption sites by Anderson and Awat. 4 Among early investigations of structure and adsorption induced surface reconstruction one should mention Refs. 5 and 6. The critical behavior of the oxygen overlayers, which allowed for early estimate of certain oxygen-oxygen interaction parameters was investigated in Refs. 7 and 8.
More recent findings have been summarized in Ref. 9 and in the present context the following information is the most relevant. Oxygen atoms adsorb preferentially at the hcp hollow adsorption sites at all coverages up to ϭ1-adsorption at the fcc sites does not occur. Consistent with this are the results of the density functional theory stability studies 10, 11 of the oxygen overlayers at coverages ϭ1/4,1/2,3/4, and 1. The geometrical structures of the oxygen overlayers were identified 9 as O͑2ϫ2͒ for ϭ1/4 ͑one O atom per surface unit cell͒, O͑2ϫ1͒ for ϭ1/2 and 3O͑2ϫ2͒ for ϭ3/4 ͑three O atoms per unit cell͒. They are shown in Figs. 1, 3, and 5, respectively, and details will be given later when they are needed. We note here that there is an apparent saturation at ϭ1/2 ͑see, for example, Ref. 12͒ but using strongly oxidative NO 2 molecules could be pushed beyond this limit 13 and long range ordering of such a structure for ϭ1 ͑O atoms adsorbed on all available hcp sites͒ was demonstrated. 11 Somewhat later an overlayer at ϭ3/4 was obtained and characterized 14, 15 in high-resolution electronenergy-loss spectroscopy ͑HREELS͒, low-energy electron diffraction ͑LEED͒, and STM experiments.
This work is motivated by recent STM experiments of Jakob, Gsell, and Menzel 16 on self-trapping of oxygen vacancies in an ordered adsorbate layer at ϭ3/4. A peculiar feature of their findings is that although a mobility of oxygen atoms in the neighborhood of an isolated oxygen vacancy is very high the resulting long range diffusion of the oxygen vacancy is very slow. They demonstrate that the self trapping of the vacancy is not due to the intrinsic structural effects of the substrate but rather due to the local directional restrictions on the motion of the oxygen atoms. We tie these restrictions to the interactions of the migrating oxygen atoms with their neighbors rendering barriers for some atomic jumps much higher than for others. This mechanism is not directly dependent on possible modifications of interatomic distances and binding energies due to strains in the substrate covered by the adsorbed layer 17, 18 although such modifications should be accounted for in any theoretical approach aiming at the derivation of the jump rates from first principles.
We construct a mesoscopic model in which all possible atomic jumps are accounted for in the limit of low concentration of vacancies ͑allowing to ignore the vacancy-vacancy correlations͒. The experimental data, 16 the experimentally determined jump rate for an isolated oxygen atom 19 on Ru͑001͒, and the oxygen-oxygen interaction energy parameters determined using the density functional theory approach 20 are used to propose values of several other unknown interaction parameters. These parameters are then used to construct a similar mesoscopic model for the overlayer at ϭ1/4 for a migration of an excess oxygen atom. We show that the equivalence between the oxygen migration in the ϭ1/4 overlayer and the oxygen vacancy migration for ϭ3/4 is broken by the presence of a very efficient diffusion channel for the former structure but impossible for the latter. This is consistent with the preliminary results of Ref. 16 . Similarly, the obtained parameters and rates allow us to reach conclusions about the atomic migration in an ideal oxygen overlayer at ϭ1/2 which are also consistent with the experimental findings.
It is, of course, possible at least in principle to investigate the atomic migration in the organized overlayers across the entire range of coverages using Monte Carlo simulation techniques. Ideally, such approach should be able to account simultaneously for both static properties ͑e.g., the structural organization of the overlayer depending on the coverage͒ and for the migration kinetics. Results of such simulations, however, need simpler nearly analytic theoretical approach to give an insight into the underlying physical mechanisms. Such approaches are notoriously difficult or nonexistent. Moreover, such approaches, aiming at the diffusive properties of the system, fail whenever the observed migration kinetics involve time scales shorter than the one responsible for diffusion. The mesoscopic approach presented in this paper seems to be the only one which incorporates in a consistent way all time scales which can be identified by experimental probes such as STM. It can be applied to systems different than the one on which this paper is focused. Moreover, the present theoretical approach allows, in connection with such experiments, to extract an information about adatom-adatom interactions, such as those with one adatom away from a stable or meta-stable adsorption site. Usually it is difficult to access such an information in experiments aiming solely at static properties of a system. The full mesoscopic model for either structure is very rich and complicated and predicts several modes of temporal decay of non equilibrium configurations which are not observable either because they are too fast or, more likely, they cannot ever be experimentally realized. We construct, therefore, a simplified mesoscopic model which contains only the relevant configurations and time scales and, allowing for simple analytical treatment, is simpler than the full models.
The paper is organized as follows. Overlayer structure and microscopic kinetics are presented in Sec. II starting in Sec. II A with the description of ϭ3/4 structure followed by detailed consideration of all adsorbate-adsorbate interactions. The ϭ1/4 and ϭ1/2 overlayers are considered in two next subsections. In Sec. III the mesoscopic models based on phenomenological master equations are presented. Again, both ϭ3/4 and ϭ1/4 structures are dealt with, first within the full model, a competing diffusion channel is proposed for ϭ1/4, and then the effective simpler models are presented in Sec. III C. Section IV is devoted to the discussion of the results and some conclusions. Details of some considerations and lengthy expressions which do not have to be referenced to too often are presented in Appendixes.
II. STRUCTURE AND MICROSCOPIC KINETICS
A. Microscopic kinetics in the 3O"2Ã2…, Ä3Õ4 overlayer
Geometry and atomic jumps
We start with the system for which detailed studies of adsorbate kinetics exist: 16 the ordered overlayer of oxygen formed on Ru͑001͒ for the coverage of ϭ3/4 identified and characterized 14, 15 in HREELS, LEED, and STM experiments. In Fig. 1 the surface is schematically depicted. In order to avoid crowding the diagram we represent the adsorption sites and adsorbed atoms by relatively small symbols and use large circles to represent only the substrate atoms. Figure 1 should be directly compared with Fig. 3 v 2 , and v 3 . Apart from the hcp sites there exist also hollow fcc adsorption sites which are unoccupied because, as recently shown both experimentally and by means of density functional theory, 10, 11 oxygen atoms may be bound to them with energy which is smaller than that at the hcp sites for all coverages between ϭ1/4 and 1. For the 3O(2ϫ2) adsorbate structure one must distinguish, on the account of different adsorbate-adsorbate interactions, between the fcc site ͑la-beled h 0 and represented by a circle-filled pentagons͒ surrounded by three adsorbed oxygen atoms and three geometrically inequivalent fcc sites-h 1 , h 2 , and h 3 ͑repre-sented by open pentagons͒-which have only two neighboring occupied hcp sites. The hcp sites in a middle of triangles formed by h 1 ,h 2 , and h 3 ͑with h 1 corner above the h 3 -h 2 base-referred to as the hcp s sites͒ do not accept oxygen atoms until coverages approaching ϭ1 for which the adsorbate forms a (1ϫ1) phase. 11 The key point is to note that the neighboring hcp v i sites form two types of triangles: the ones with a h 0 fcc site or with an on-top site at their centers, respectively. We denote the length of each side of a unit cell by a ͑being twice the distance between the nearest oxygen atoms͒, the basis vectors for unit cells selected here are a 1 ϭa(1,0) and a 2 ϭa(1,ͱ3)/2 for conventionally chosen x and y axis.
Long-range transport of oxygen atoms becomes possible if there are vacancies present at some hcp sites. We consider the situation when, in average, the vacancies are at so large distances from each other that a microscopic motion of atoms in the neighborhood of one of them is unaffected by the presence of the other vacancies. Taking, for example, a vacancy at v 1 ͑denoted by a circle surrounding the site within the unit cell in Fig. 1͒ it can be filled by an oxygen atom residing at any neighboring v 2 or v 3 sites through a sequence of two atomic jumps: the first one taking such atom to the nearest fcc site adjacent to the vacancy followed by the jump from this fcc site to the vacant hcp site. Effectively, the vacancy moves from v 1 to one of the two v 2 or one of the two v 3 sites closest to it. Focusing attention on the vacancy transfer to v 3 there are two energetically distinct possibilities: ͑i͒ the atom at v 3 northeast of the vacancy at v 1 jumps, at a rate W c , to the h 0 site from which it continues to v 1 at a rate ⌫ c or ͑ii͒ the atom at v 3 southwest of the vacancy jumps at a rate W d to h 2 and then, at a rate ⌫ d fills the vacancy.
More generally, the rate of all jumps onto h 0 adjacent to a vacancy at whichever v i from whichever other occupied v j site is equal to W c . The resulting configuration has an atom present at h 0 and vacancies at two out of three closest to it v i sites. All three possible configurations of this type are shown in the lower part of Fig. 2 with (h 0 v i v j ) denoting the configuration with an oxygen atom residing at h 0 and vacancies at the adjacent v i and v j sites. Such configuration is destroyed by an atomic jump from h 0 onto one of the vacant v i or v j sites. The rates of all transitions destroying configurations (h 0 v j v j ) is the same and equal to ⌫ c . In this sense, W c and ⌫ c are the rates of two mutually reverse microscopic jumps. In what follows we will refer to the individual jumps and transitions simply by their rates. For example, any transition to h 0 will be in general referred to as a W c transition while the one from h 0 is a ⌫ c transition. The atomic transport initiated by jumps not involving the h 0 sites also proceeds through three metastable configurations (h i v j v k ) ͑with none of i, j, and k equal to each other and i 0), shown in the upper part of Fig. 2 , reached at a rate W d and destroyed at a rate ⌫ d . As before, W d and ⌫ d are the rates of mutually reverse microscopic jumps. Note that in contrast to (h 0 v i v j ) which labels three possible metastable configurations (i, j ϭ1,2;1,3;2,3) the label (h i v j v k ) could be just replaced with (h i ) because, e.g., the atom transferred to the fcc h 1 site is always accompanied by two vacancies at the nearest hcp v 2 and v 3 sites, etc. For the sake of uniformity, however, we label the metastable states by specifying both the occupied fcc site and the vacant hcp ones.
Microscopic jumps corresponding to the above four rates are also possible in the ideal structure, i.e., when no vacancy is present but the jump rates have then different numerical values due to different interactions of a jumping atom with its neighbors. Observed stability of the ideal structure requires that the rates of jumps out of hcp sites are much faster than the rates of jumps back onto them, i.e., that W rates are much smaller than the corresponding ⌫ rates. This does not necessarily imply that such relations must hold for the rates of interest here when a vacancy is present but both experiment 16 
without restricting the relative magnitude of ⌫ c and ⌫ d or even that of ⌫ d and W c .
Transition rates
We start by noting that we will use the same symbols W c , ⌫ c , W d , and ⌫ d to denote some transitions in the O(2ϫ2) overlayer for ϭ1/4 to be considered later. They will be shown also to satisfy conditions listed in Eqs. ͑1͒. In order to distinguish between the transition rates for these two overlayers we will, only when necessary, provide each rate with a superscript 3/4 or 1/4 or even 0 indicating the coverage . Thus, the rates in the entire Sec. II A are in fact W c
, and ⌫ d (3/4) . For the transition rates the binding energy of an atom at an initial ͑hcp or fcc͒ as well as at a bridge site separating it from the target site ͑fcc or hcp, respectively͒ is needed. Assuming additive interactions of an atom under consideration with its adsorbed neighbors one needs the binding energies E hcp 0 , E fcc 0 , and E b 0 of an isolated oxygen atom ͑i.e., for →0) at, respectively, an hcp, fcc, and a bridge site separating them, and two-body interaction energies of the atom with its coadsorbed neighbors with possible corrections due to three-body interactions. Each rate W out of an hcp site is a product of the corresponding rate for vanishing coverage
times the exponential thermal factor accounting for the modifications of the on-site energies due to the interactions with coadsorbed atoms. Similarly, each rate ⌫ out of an fcc site is a product of as a difference between E fcc 0 ϭϪ2.152 eV and E hcp 0 ϭ Ϫ2.503 eV calculated more recently using the density functional theory 20 ͑the difference between the binding energies in Refs. 4 and 20 of about 3.1 eV is due to different reference energy adopted in these two calculations͒.
The interaction energies between adsorbed oxygen atoms were also derived in Ref. 20 from calculated electronic structure for several coverages of ordered oxygen overlayers on Ru. Two-body interaction between oxygen atoms either both at hcp (V n ), or both at fcc (V n Ј), or one at fcc and the other at hcp (U n ), for three shortest distances between the atoms (nϭ1,2,3, respectively͒ for each situation were obtained along with the three-body interactions accounting for the change of the interaction energy between two atoms when the third one is present close by. The latter are available only for the oxygen atoms either exclusively at hcp (V lt ,V bt ,V tt ), or exclusively at fcc (V lt Ј ,V bt Ј ,V tt Ј ) sites accounting for configurations in which three adsorbed atoms form a straight line trio ͑lt͒ ͑e.g., v 3 v 1 v 3 in Fig. 1͒ , a bent line trio ͑bt͒ ͑e.g., v 3 v 1 v 2 with an angle of 120°at v 1 ), and a triangular trio ͑tt͒ "e.g., v 1 v 2 v 3 forming an equilateral triangle…. In Table I the parameters from Ref. 20 relevant to this work are listed together with unrelaxed distances between oxygen atoms for each pair interaction. We see that the third neighbor hcp-fcc interaction U 3 corresponds to a distance of 0.76a between atoms, considerably less than the largest interaction distance considered for both atoms at hcp ͑or both at fcc͒ sites. We shall see that a considerable number of fcc-hcp pairs separated by (ͱ13/2ͱ3)aϭ1.04a ͑i.e., comparable to the third neighbor hcp-hcp distance͒ with the interaction energy denoted by U 4 should be accounted for in the jump rates. We choose U 4 ϭ0 in this work to be consistent with Ref. 20 , where U 1 , U 2 , and U 3 are not independent of each other but rather have to satisfy a set of equations relating them to average energies per oxygen atom for different coverages determined within the DFT approach.
No parameters allowing to estimate the bridge energetics are available. What is needed are the two-body interactions ͑denoted X n ) between an atom temporarily at a bridge site and other atoms at their regular hcp sites. The shortest possible hcp/fcc to bridge site distance is a/4ͱ3 but such close encounter between adsorbed atoms never happens ͑see Fig.  1͒ . The unrelaxed hcp-bridge distances up to the one close to a are aͱ6nϩ1/4ͱ3 with nϭ1, . . . ,8 so, in principle, we should introduce eight two-body interactions X n ,n ϭ1, . . . ,8.
Using Eqs. ͑2͒ through ͑4͒ all transition rates for coverage can be written as ͑a subscript c or d is implied͒
Equations ͑7͒ hold also for rates for ϭ1/4 to be considered later. ⌬ b , ⌬ hcp , and ⌬ fcc are corrections to the oxygen atom binding energies at the bridge, hcp, and fcc site, respectively, due to its interactions with coadsorbed neighboring oxygen atoms. They are different for a fcc-h 0 than for either one of the fcc-h i ,iϭ1,2,3 sites ͑and the same is true for the bridge sites͒ depending on which of the two types of fcc sites is closest to it. Consequently, different corrections enter the c-subscripted rates than the d-subscripted ones. With the help of Fig. 1 we get the explicit expressions for W c
, and ⌫ d (3/4) containing all adatom-adatom interaction parameters. They are listed in Eqs. ͑A1͒ in Appendix A.
Note that, using parameters in Table I and Eq. ͑6͒, we get
Ϫ5 from Eqs. ͑A1͒ ͑parameters X n are not needed to get these results͒. Both ratios are much smaller than one, meaning that a preferential adsorption sites are hcp rather than fcc even when there is a vacancy at a neighboring hcp site. This, being consistent with observations of jump kinetics in Ref. 16 , is a necessary condition which the rates in Eqs. ͑A1͒ and parameters in Table I must satisfy. The sensitivity of the rates to the set of parameters used is illustrated by the fact that with three-body interactions ignored, the ratio W d
be slightly larger than one. The three-body corrections are needed to account for observed kinetics but we note here that ignoring them and using V 1 ϭ0.23 eV ͑as determined in Ref.
8 where three-body interactions are ignored͒ pulls this ratio down to 0.02. The rates in Eq. ͑A1͒ are the rates of jumps of an oxygen atom between hcp and fcc sites when the nearest hcp site is vacant ͑e.g., encircled v 1 site in Fig. 1͒ and they are not the same as they would be for the ideal overlayer without the vacancy. The latter, denoted W c
(3/4)id can easily be obtained from the rates in Eqs. ͑A1͒ by adding in the thermal exponents interactions with the adatom present in place of a vacancy in the ideal structure. The expressions obtained in this way are listed in Eqs. ͑A2͒ in Appendix A. It is now clear that possible violating of any one of the two conditions W/⌫Ӷ1 for the rates of transitions shown in Fig. 1 ͓given in Eq. ͑A1͔͒ would not have to be at odds with the observed static ideal overlayer structure ͑ad-sorption exclusively at hcp sites͒ which requires satisfying these conditions for the corresponding rates in the ideal overlayer ͓given in Eqs. ͑A2͔͒. It can be easily checked that the ''ideal structure'' rates satisfy this condition even when the three-body corrections are ignored. It is, therefore, comforting that the rates relevant to the vacancy migration kinetics, given in Eqs. ͑A1͒, expressed in terms of parameters theoretically evaluated for an ideal static overlayer, are consistent with the observed vacancy migration behavior.
Possible values of the bridge site-hcp interactions X n can be restricted by a further reference to experiment. It is estimated in Ref. 16 that the average residence time of the vacancy at a particular site is about 2Ϯ1 ms while the long range diffusion occurs at a rate of about one jump per 10-20 sec, resulting in W c (3/4) somewhere between 300 and 1000 s Ϫ1 and W d (3/4) between 0.05 and 0.1, respectively. Within these limits the linear combinations of X n 's present in the expressions for W c (3/4) and W d (3/4) ͓Eqs. ͑A1a͒ and ͑A1c͒, respectively͔ must satisfy two conditions listed in Eq. ͑A3͒ which are not sufficient to get all parameters X n . To get a feeling for the results presented later we will make a reasonable assumption that the dominant contribution is due to X 1 and X 2 and set to zero all X n 's for nу3:
Note that these values are nothing more than a guess ͑so we do not list them in Table I͒ 
hcp-fcc interactions
ϩ0.033
ͱ7/2ͱ3
In Table II the rates, and barrier height modifications ͓de-fined generally as ⌬ b Ϫ⌬ hcp and ⌬ b Ϫ⌬ fcc in Eq. ͑7͒, i.e., an interaction-induced modification of a barrier height for each transition-the quantity multiplying Ϫ␤ in the exponents of Eqs. ͑A1͒ ͑excluding ⌬ which is not due to these interactions͒ in this particular case͔ are summarized. For example, the interactions lower the barriers for the hcp↔fcc(h 0 ) jumps but raise them for the hcp↔fcc(h i ), i 0, ones. For comparison, we give in Table II in brackets the rates of the corresponding hcp↔fcc jumps for the overlayer without the vacancy ͑ideal overlayer͒, given in Eqs. ͑A2͒. For the ideal overlayer the rates of both types of hcp→fcc jumps are slower by several orders of magnitude than of the corresponding jumps in the presence of the vacancy and the ratios W c,d /⌫ c,d are much larger. This agrees with the observation that without a vacancy no jumps away from the hcp sites are seen.
Of course, the entries in the Table II for ϭ3/4 ͑except those in brackets͒ are unaffected by the choice made in Eqs. ͑8͒: rates W c and W d are from the experiment, the remaining two rates and all barrier modifications are then fully determined by parameters in Table I and Eqs. ͑5͒, ͑6͒, and ͑A3͒. Note also that we have
which is consistent with the conditions listed in Eq. ͑1͒. In Eq. ͑9͒ we keep the superscripts ϭ3/4 explicitly because these conditions are not necessarily satisfied by analogous rates for the ϭ1/4 overlayer to be considered next ͓see Eq. ͑10͒ below͔. We pause to mention a seemingly attractive attempt at determining the two-body interactions X n ͑and their bridgefcc counterparts X n Ј). It amounts to assuming that two-body interaction energy between an atom at, say, an hcp site and another atom either at hcp, fcc or bridge sites should be a to 10 Ϫ3 . A failure of this attempt illustrates again how unusual the distance dependence of X n interaction must be in order to account for the observed kinetics.
Atomic transitions considered in this section are not the only ones possible in the 3O(2ϫ2), ϭ3/4 overlayer involving a vacancy created at one of the hcp v i sites. We have ignored a possibility of involving the unoccupied hcp sites (s sites͒ in transitions. There are several possibilities to be considered in this context assuming, for example, that a vacancy is created at a v 1 hcp site and referring to Fig. 1 . The first possibility is that after the W d (3/4) transition filling a fcc h 2 site ͓and creating a (h 2 v 1 v 3 ) configuration͔ the atom proceeds to the left to fill an unoccupied hcp s site rather than to the right to fill the vacancy at v 1 . This possibility can be ignored because ͑a͒ the new path to s is a blind alley ͑unless many atoms are moved around͒ and ͑b͒ even if the rate of both competing transitions away from h 2 is the same ⌫ d (3/4) ͑for all X n ϭ0 for nу3), the rate of the reverse transition back to h 2 is 1.8ϫ10 13 s Ϫ1 , faster even than ⌫ c (3/4) -the dead end hcp s site has negligible occupation probability. Secondly, the vacancy at v 1 could be filled by an atom from another v 1 site, say to the left of the vacancy in Fig. 1 , jumping through h 3 , an empty hcp s site, and h 2 . This possibility, however, can be ignored because the rate of the first transition ͑from v 1 to h 3 ) is about 2ϫ10 Ϫ7 s Ϫ1 . It is slightly slower than W d (3/4)id on the account attractive V 3 interaction. This path cannot speed up diffusion already considered and controlled by the much faster W d (3/4) transition. In a similar way any other possible sequence of jumps leading to the vacancy migration away from v 1 can be eliminated-in each such sequence either the rate of the very first step is very small or the sequence starts with the W d (3/4) transition resulting in an unimportant correction to the diffusion constant already obtained.
B. Microscopic kinetics in the O"2Ã2…, Ä1Õ4 overlayer
In Fig. 3 the ϭ1/4, O(2ϫ2) overlayer is shown. As before, black full circles represent oxygen atoms adsorbed at hcp sites which are now labeled s. One can consider them as being the hcp sites which for the 3O(2ϫ2) overlayer in Fig.  1 were unoccupied and inactive. Geometrically, the O(2 ϫ2) overlayer is obtained from 3O(2ϫ2) overlayer by emptying all v l , lϭ1,2,3 hcp sites and filling the remaining ones. The fcc sites are then labeled as before as either h 0 ͑surrounded by three unoccupied hcp sites v l ) or as h 1 ,h 2 , and h 3 ͑having only two neighboring unoccupied hcp sites͒. A unit cell contains all four fcc sites h 0 and h i , iϭ1,2,3, and all hcp sites but only one adsorbed oxygen atom.
The long-range transport of oxygen atoms is made possible when an extra oxygen is placed at one of the hcp v i sites. The simplest way of transferring this atom to the nearest unoccupied v j site does not involve moving atoms present at the hcp s sites and is in many respects analogous to that in which an oxygen vacancy was moved in the 3O(2ϫ2) overlayer. Referring to Fig. 3 , the extra atom at, say, v 1 may jump either to the neighboring h 0 or to h 2 or h 3 . Anticipating that the jump to h 0 occurs now with lower probability than to h 2 or h 3 ͓just opposite to the 3O(2ϫ2) overlayer case͔, we denote W d the jump rate to h 0 from any v l site and use W c to denote the jump rates from any v l to one of two available neighboring h 1 ,h 2 , or h 3 . The jumps in the opposite direction have rates ⌫ c and ⌫ d , respectively ͑see, We pause here to comment on the symmetry between the migration kinetics of a vacancy in the 3O(2ϫ2), ϭ3/4 overlayer and that of an extra atom in O(2ϫ2), ϭ1/4 structure. In fact, no symmetry equivalence should be ex- pected on a basis of purely geometrical considerations. Both structures differ in this respect that in one of them only one quarter of all hcp sites are occupied (ϭ1/4) while in the other one (ϭ3/4) the same sites are vacant and the remaining three quarters are filled but in both structures the fcc sites h 0 , h 1 , h 2 , and h 3 are vacant. The symmetry equivalence could be expected only if these vacant fcc sites were not active migration centers. When they are active one has to consider nine distinct configurations to account for a vacancy migration in the 3O(2ϫ2), ϭ3/4 overlayer but only seven are needed to account for the migration of an extra atom in the O(2ϫ2), ϭ1/4 structure. Consequently, both cases are not symmetry equivalent even without introducing the new diffusion channel ͑to be discussed below͒ for the latter. What makes them, however, physically equivalent is ͑as will be discussed later on, see the last paragraph in Sec. III B 1͒ the fact that majority of the time scales contained in the mesoscopic models are unobservable and the ones which are observable can be described by an effective mesoscopic model common for both structures ͓see Sec. III C, Eqs. ͑24͒ and the text following them͔.
The transition rates, denoted W c
, and
(1/4) , can be obtained in the exactly the same way as before, by counting the two-͑and three-, where appropriate͒ body interactions between the extra atom either at the bridge, hcp, or any fcc positions and all other atoms actually present at the neighboring s sites. With Fig. 3 we get the expressions for these rates listed in Eqs. ͑A4͒.
Using parameters in Table I and those in Eq. ͑8͒ we get the numerical estimates for these rates listed in Table II along with the barrier height modifications ͓quantities in square brackets in Eqs. ͑A4͔͒ due to the interactions between the adsorbed atoms. Note that now we have
with the first inequality in the chain accounting only for a factor of about 20. The ratio W c /W d is the same for ϭ1/4 as it is for ϭ3/4, as seen from the explicit expressions in Eqs. ͑A1͒ and ͑A4͒. For the O(2ϫ2) overlayer many other ways of moving an extra atom from one hcp v i to another one exist. These processes involve moving atoms adsorbed at the hcp s sites. Among those, there are processes which directly compete, but at much smaller rates, with jumps described in the preceding paragraphs. Such processes are, thus, irrelevant. The only processes capable of opening a fully independent migration channel which might significantly enhance diffusion efficiency are depicted in Fig. 4 . These processes result in moving the extra atom at v i to the next closest v i site with the same i. This possibility will be referred to as a ''new diffusion channel'' from now on and each v i →v i process is a sequence of four steps labeled 1, 2, 3, and 4 in Fig. 4 . Referring to the v 1 →v 1 path at the top of Fig. 4 , it is initiated by a jump of an adsorbed atom at the hcp s site onto the fcc h 2 site which lies in the direction away from the extra adsorbed atom at v 1 ͑due to the strong repulsion between the atoms at s and v 1 the barrier for this jump is the lowest͒. The rate of this jump is denoted W a . In the next step the extra atom at v 1 ''follows'' the atom which has jumped away by going to the fcc site h 3 . The jump to the left ͑to h 2 ) is unlikely because of the repulsion due to another atom at s and the jump up ͑to h 0 ) leads to an almost blind alley requiring too many jumps before the site s emptied in step 1 is filled again. The step 2 occurs at a rate W b . In the next step 3 the atom at h 2 ͑filled in step 1͒ jumps away to its final position v 1 . This process is just a reverse of a step 2 in this sense that they occur through the energetically equivalent bridge sites in opposite directions so we label the appropriate rate as ⌫ b . Finally, the atom at h 3 ͑filled in step 2͒ continues in step 4 to s restoring the initial stable configuration except that the extra atom is at the v 1 site one lattice constant to the right with respect to the original one. The last step is just a reverse of step 1 so we label the appropriate rate as ⌫ a . The sequence just listed is (v 1 )→(v 1 sh 2 )→(h 2 sh 3 )→(v 1 sh 3 ) →(v 1 ) where in the metastable configurations s denotes a vacancy at a site s and the remaining two symbols label normally unoccupied sites which are temporarily filled in these configurations. This notation would not normally identify the metastable configurations uniquely but in this case it does because no other migration paths, except those shown in Fig. 4 ͑and their reverses͒ are considered. In Fig. 4 In 
͑A6͒.
In Table II the numerical values of rates in Eqs. ͑A5͒ are given for the interaction parameters from Table I and Eq. ͑8͒ together with the rates ͑A6͒ for an ideal overlayer ͑in brackets͒. We take X 3 ЈϭX 3 ϭ0. We see that the ''fast circulation'' and ''slow diffusion'' controlling rates (W c and W d , respectively͒ are in the O(2ϫ2) overlayer about five times faster than the corresponding rates in a denser and more rigid 3O(2ϫ2) structure. This is probably as low as one can get and this ratio becomes larger when, e.g., one chooses X 3 0. Consequently, the extra oxygen in the ϭ1/4 structure is more mobile ͑both in circulation and long range diffusion͒ than a vacancy in the ϭ3/4 structure. As before, the slower rates for an ideal lattice are several orders of magnitude smaller than the slowest rate for an extra atom migration and the ratio of the slow rate to the fast rate of its reverse jump is smallest of all other such ratios for the ϭ1/4 structure: the ideal structure is quite rigid and no jumps of the adsorbed atoms away from their hcp s sites should be observed. The new diffusion channel requires all four jumps to operate and all of them are quite fast. We will show that the diffusion constant due to only the new channel operating is of the order of W a W b /⌫ a which is about 60 times larger than W d
(1/4) indicating that the new diffusion channel might be more efficient that the old one. This might make the diffusion-to-circulation time scales ratio much smaller in the O(2ϫ2) overlayer than in the 3O(2ϫ2) structure.
C. Microscopic kinetics in the O"2Ã1…, Ä1Õ2 overlayer
We complete the microscopic considerations with the O(2ϫ1) overlayer for ϭ1/2. The structure is shown Fig. 5 . The oxygen atoms occupy the hcp sites arranged in rows. 9 The distance between the oxygen atoms within each row is a/2 and the distance between the rows is aͱ3/2. Experimental observations 16 suggest that occasionally, single oxygen atoms jump into the ''troughs'' between the rows and that these jumps are always toward one particular side of a row. It is, therefore, desirable to derive the expressions for the rates of possible jumps which an adsorbed atom can undergo in the ideal overlayer. These jumps are shown in Fig. 5 and in the rates the subscript R and L refer to the jumps either to the right or left of the row from which the atom originate. As usually, with the jumps in opposite direction between two particular sites we associate rates W and ⌫ with the same subscripts. Using the same method as in the preceding two sections the rates can be derived. They are listed in Eqs.
͑A7͒.
We immediately see that
͑11͒
indicating that, indeed, the jumps into the through to the right of the row of oxygen atoms are several orders of magnitude more frequent than the jumps to the left of it. We also see that the ratio ⌫ R Ј /⌫ R ϭ⌫ L Ј/⌫ L is of the order of 1 because it contains the bridge-hcp interactions corresponding to third neighbors (X 3 ) and up. This means that after the first jump to a fcc site to the left or right of the row the atom has roughly the same chance to jump back as it has continuing further away from the row. Numerical values of all the eight rates are given in Table II ͑in the column with rates for ideal overlayers͒ for the parameters listed in Table I and in Eqs. ͑5͒, ͑6͒, and ͑8͒. The rate W R , indicating that the atom in an hcp site within the row jumps on average once every three seconds to the fcc site to the right of the row ͑the jump back is essentially instantaneous͒, is substantially larger than the largest rates out of the hcp sites in the ideal 3O(2ϫ2), ϭ3/4 and O(2ϫ2), ϭ1/4 overlayers. It is, therefore, not surprising that such jumps are not observed in the latter two structures while they are occasionally seen for ϭ1/2. Another interesting point is, perhaps, that we have here ⌫ L Ј ӶW L Ј but this fact has no observable consequences because of extremely small value of W L .
III. THE RATE EQUATIONS AND THEIR IMPLICATIONS

A. 3O"2Ã2… overlayer
The master equations describing the vacancy motion on the surface must account for occupation probabilities of all relevant configurations. 22 Apart from three stable configurations (v 1 ) R , (v 2 ) R , and (v 3 ) R with an isolated vacancy at one of the hcp v i sites (iϭ1, 2, and 3͒ within the unit cell ͑selected as shown in Fig. 1͒ at a lattice position R ͑''isolated'' means that no atom at any neighboring fcc h l sites and no vacancy at any neighboring v i site are present͒, we have six metastable configurations (h l v i v j ) R , shown in Fig. 2 which we consider to belong to that lattice cell R to which the occupied fcc site h l belongs. Considering all possible transitions and keeping track of that which ones transfer the atom within the unit cell and which ones take it out we can write the Master equations for the occupation probabilities of each configuration within the cell at R. We list here only three of the nine
and the remaining six have a similar structure to that of the ones above. The time dependence of occupation probabilities and a subscript 3/4 in the rates, although not explicitly written, are implied. Taking the lattice Fourier transform
where ␣ denotes any of the microscopic configurations considered ͓arranged in the order (v 1 ), (v 2 ), (v 3 ),
where P ជ (k,t) is a one-column vector with nine components P ␣ (k) and M I 9 (k) is a 9ϫ9 nonsymmetric rate matrix, given in Eq. ͑B1͒. In Appendix B we also investigate the structure of eigenvalues and eigenvectors of M I 9 (k) needed to conclusions reached in this section concerning the vacancy migration in the 3O(2ϫ2) overlayer. For kϭ0 the matrix elements in each column add up to zero reflecting a particle conservation ͚ ␣ P ␣ (kϭ0) ϵ ͚ ␣,R P ␣ (R)ϭ1, at all times. Thus, one of the eigenvalues of M I 9 (kÄ0) vanishes and the corresponding right eigenvector P ជ (1) given in Eq. ͑B4͒, is up to a multiplicative factor identical with P ជ eq which has the equilibrium occupation probabilities of all the configurations as its components. Within the approximation defined in Eq. ͑1͒ we have
Thus, in equilibrium, a vacancy may be found on any of the geometrically inequivalent hcp v i sites with equal probability and any of the remaining six configurations, with two adjacent vacant hcp sites, occurs unlikely. The rate with which the perturbations away from equilibrium decay depends, in general, on the nature of the perturbation. The long range perturbation, which can be characterized by a wave vector k, decays in time on the account of diffusion of the vacancy along the surface and the corresponding rate ͑the diffusion rate͒ is equal to ͑minus͒ that eigenvalue ͑referred to as the diffusive eigenvalue from now on͒ of M I 9 (k) which vanishes in the k→0 limit . For ka Ӷ1 it can be easily found from
where w(,k)ϭdet͓M I (9) (k)Ϫ͔ is the characteristic polynomial of M I 9 (k) and D is the diffusion constant. 23 For the rate matrix in Eq. ͑B1͒ we get
͑17͒
where in the approximate expression we have restored the superscript identifying the coverage. We see that all four types of transitions are necessary for diffusion and in the limit defined in Eq. ͑1͒ the rate of the slowest transition determines the diffusion constant. An arbitrary local deviation form the equilibrium is a linear combination of the right eigenvectors P ជ (2) through P ជ (9) of M I 9 (kÄ0) and each contribution decays exponentially at a rate equal to a corresponding eigenvalue (n) . Fortunately, not all of the eigenvectors and eigenvalues are of interest because only very special nonequilibrium configurations, those in which a vacancy is created exclusively at v 1 , or v 2 or v 3 can only be realized in practice. For example a vacancy placed at tϭ0 at a v 1 site corresponds to P ជ (v 1 ;tϭ0) ϭ(1,0,0,0,0,0,0,0,0) and writing it as P ជ eq ϩ␦ P ជ (v 1 ;tϭ0) we have for the departure from the equilibrium ␦P ជ (v 1 ;tϭ0) ␦P ជ (v 1 ;tϭ0)Ϸ P ជ (2) and, similarly, ␦P ជ (v 2 ;tϭ0)Ϸ P ជ (3) ͑va-cancy initially at v 2 ), and ␦P ជ (v 3 ;tϭ0)ϷϪ͓ P ជ (2) ϩ P ជ (3) ͔ ͑for the vacancy initially at v 3 ). The approximation involves, of course, dropping vanishingly small contributions due to P ជ (3) through P ជ (9) . Each of these three ''canonical'' initial configurations evolves towards P ជ eq at the rate ͓see Eq. ͑B6a͔͒
and the other contributions ͓corresponding to all remaining eigenvectors of M I 9 (0)] do contribute, in principle, to the initial configuration but with vanishingly small weights.
We also see that even if there are other decay rates Ϫ (6) ϭϪ (7) Ϸ2⌫ d and Ϫ (8) Ϸ2⌫ d ͓see Eqs. ͑B6c͒ and ͑B8b͔͒, which might be comparable to 3W c /2 ͓c.f., Eq. ͑9͒ and Table I͔͒ the associated decay is irrelevant because, as seen in Eq. ͑B9͒, the associated eigenvectors P ជ (6) , P ជ (7) , and P ជ (8) have components corresponding to configurations (h l v i v j ) ͑for l 0) as large as those corresponding to isolated vacancies at hcp v l sites and, thus, they cannot contribute significantly in an expansion of any physically realizable initial nonequilibrium configuration into the eigenvectors. It is even difficult to visualize a hypothetical configuration corresponding to, say, P ជ eq ϩ P ជ (6) and much less so to realize it in practice. Exact analytic expressions for the eigenvectors and the expansion coefficients of P ជ (v i ;tϭ0) in this basis do not exist and even the approximate ones for rates satisfying conditions ͑1͒ or ͑9͒ are too complicated to be useful so the conclusions reached in this paragraph were extensively tested and confirmed numerically for W c and W d taken from Table I but ⌫ c and ⌫ d varying widely within the limits imposed by the less restrictive conditions ͑1͒. In fact, these conclusions hold even for a very unlikely case when 4⌫ d ϵ3W c .
Therefore, each initial configuration natural from the experimental point of view relaxes at the rate Ϫ (2) Ϸ3W c /2 towards the equilibrium in which the mean residence time of the vacancy at each hcp site is the same. The fact that microscopic processes involved to reach this equilibrium as well as to maintain it are continuous jumps of an oxygen vacancy within the triangle of v l sites surrounding the fcc h 0 site rather than the on-top site can only be inferred indirectly by observing that the relaxation rate Ϫ (2) is determined by the rate W c of jumps taking the vacancy on a trip around h 0 ͑see Fig. 1͒ with the remaining three rates influencing this relaxation insignificantly. The experimental consequence of this is that in the STM images constructed from information collected during time intervals comparable with ͉1/ (2) ͉ the vacancy position is smeared among three hcp v l sites and that the smeared triangle has h 0 and not the on-top site at its center. In Table II 16 oxygen vacancy behavior in an 3O(2ϫ2) overlayer on Ru͑001͒ at oxygen coverages Շ3/4: trapping of the vacancy at the hcp sites surrounding an unoccupied fcc h 0 site and a very slow vacancy diffusion across the surface. The model has an advantage of being systematic but the fact that the rate matrix has a dimension as large as 9 not only makes the analysis rather difficult but also results in predicting several unobservable time scales. A systematic reduction to a model employing smaller matrices and predicting only an observable behavior is desirable. The model presented here, together with plausible assumptions about the oxygen-oxygen interactions, is, however, a starting point for models predicting the oxygen migration behavior for coverage ϭ1/4 on which we concentrate now exclusively in the reminder of the paper.
B. O"2Ã2… overlayer
Kinetics without the new diffusion channel
We start with the model in which the new diffusion channel is suppressed. In such case only three stable configurations v i , iϭ1,2,3 in which an extra atom occupies one of the hcp v i sites and four metastable ones h 0 and h i , iϭ1,2,3, in which it is at any of the fcc sites, have to be considered. Equations analogous to Eqs. ͑12͒ can be written and their lattice Fourier transform taken. With the unit cell selected as in Fig. 3 we get the master equation ͑14͒ but with the 7ϫ7 rate matrix M I 7 (k ជ ) in it. For the configurations arranged as follows ͓(v 1 ),(v 2 ),(v 3 ), (h 3 ),(h 2 ),(h 1 ),(h 0 )] we get M I 7 (k ជ ) in the form listed in Eq. ͑C1͒. In Appendix C we discuss the structure of its eigenvalues and eigenvectors needed to support conclusions reached in this subsection.
We note again that the number of all configurations considered here ͑seven͒ is different than that ͑nine͒ for the vacancy migration in the 3O(2ϫ2) overlayer and that both cases are not symmetry equivalent. Still, the structures of the upper-left 6ϫ6 submatrix of M I 9 (k) in Eq. ͑B1͒ and that of M I 7 (k) in Eq. ͑C1͒ are identical. The metastable configurations in these submatrices are those through which a fast circulation of adsorbed atoms within a triangle formed by v i 's occurs. They involve a temporary occupation of the fcc h 0 site in the 3O(2ϫ2) overlayer while for the O(2ϫ2) structure the fast circulation occurs through the fcc h i (i 0) sites. In contrast to M I 9 (0) the characteristic equation for M I 7 (0) does not lead to a cubic equation so exact analytic expressions for all eigenvectors and eigenvalues can be derived. They are, however, unnecessarily complicated and here, again, we summarize only the most important results. More details are provided in Appendix C.
Temporal decay of the long range perturbation is characterized by the diffusion constant related in Eq. ͑16͒ to the lowest eigenvalue (1) , which for the rate matrix in Eq. ͑C1͒ is
The equilibrium configuration is given in Eq. ͑15͒ without the last two components. Exactly as for the vacancy diffusion in the 3O(2ϫ2) overlayer, diffusion of the extra oxygen atom in the O(2ϫ2) structure is possible only when all four types of jumps are present ( (1) vanishes if any of the rates is zero͒ but the actual diffusion jump rate is limited by the slowest rate W d and the difference between the factor 1/4 in Eq. ͑17͒ and 1/6 above is due to different number of possible metastable configurations. The entire discussion below Eq. ͑17͒ can be repeated almost word by word. The initial configuration with an extra atom at any of the hcp v i sites can be expanded into two eigenvectors P ជ (2) and P ជ (3) ͑with negli-gible contributions from all the remaining eigenvectors͒ corresponding to the eigenvalues
which determine the rate at which the initial configuration evolves towards the equilibrium in which the extra atom is shared among all the hcp v i sites. In fact, for parameters listed in Table II for ϭ1/4, we have an interesting situation in which the observable kinetics ͑circulation of an extra atom around the on-top site͒ does not occur on the slowest ͑apart from diffusion͒ time scale admitted in the model. Indeed ͓see Eq. ͑C6b͔͒, ͉ (7) ͉Ϸ3⌫ d Ϸ2.2ϫ10 1 s Ϫ1 is about two orders of magnitude smaller than ͉ (2) ͉Ϸ3W c /2Ϸ4.0ϫ10 3 s Ϫ1 . The corresponding eigenvector ͓see the last column in Eq. ͑C7͔͒ makes, however, only a negligible contribution to the expansion of the physically realizable initial configuration implying that this slow evolution cannot be observed. The observable evolution is, as for the 3O(2ϫ2), ϭ3/4, determined by ͉ (2) ͉Ϸ3W c /2. The main conclusion is that despite of differences in details like the number of possible configurations the accessible to observations and the relative magnitude of the atomic jump rates the kinetics of a vacancy migration in the ϭ3/4, 3O(2ϫ2) overlayer is very similar to the kinetics of an extra oxygen atom in the ϭ1/4, O(2ϫ2) structure provided the ''new diffusion channel'' is ignored in the latter. In this sense the two cases are physically equivalent to each other even if they are not symmetry equivalent. The time scales are different: both diffusion and circulation within a triangle of hcp v i sites are about an order of magnitude faster ͑in fact, five times faster for the parameters in Table II͒ in the less rigid less dense overlayer but the diffusion to circulation ratio of times scales is roughly the same for both. The fast circulation occurs around the on-top site for the ϭ1/4 overlayer and around the fcc h 0 site in the ϭ3/4 structure. In what follows we will include the new diffusion channel in the O(2ϫ2) overlayer and construct an effective model of smaller dimensionality which retains the salient features of the migration kinetics.
Kinetics with the new diffusion channel
The new diffusion channel requires adding extra six metastable configurations to all those considered in Sec. III B 1 in order to account for the sequences of transitions shown in Fig. ͑4͒ , and sequences occurring in the exactly opposite directions. This inserts extra rows and columns into the rate matrix M I 7 (k) resulting in the 16ϫ16 rate matrix M I 16 (k). We arrange the new metastable configurations in such a way that those involved in the ''new'' v 1 ↔v 1 sequence follow immediately after the configuration (v 1 ), etc., for the other two, i.e., the order is ͓ (v 1 ),(v 1 sh 2 ),(v 1 sh 3 ),(h 2 sh 3 ) ͔ followed by ͓(v 2 ),(v 2 ,sh 1 ),(v 2 sh 3 ),(h 1 sh 3 )͔ followed by ͓(v 3 ),(v 3 sh 1 ),(v 3 sh 2 ),(h 1 sh 2 )͔ followed by ͓(h 3 ),(h 2 ),(h 1 ),(h 0 )͔. For such an ordering ͑and the unit cell chosen as in Fig. 3͒ the rate matrix M I 16 (k) is given in Eq. ͑D1͒ in Appendix D.
The only analytic result which can be extracted from M I 16 (k) is its lowest eigenvalue and the corresponding to it eigenvector. The eigenvalue can be split into two contributions
where, in the second line, we have restored the superscripts indicating the coverage. The second line is obtained for all rates W being much smaller than the rates ⌫ of jumps in the reverse direction and for W d ӶW c . The first and the second term in the round bracket correspond to the diffusion due to the old and the new diffusion channel, respectively. The factor in the square bracket should be compared with such a factor in Eq. ͑19͒. We see that the modification of one diffusion channel by the other is negligible.
In Table II (2) are listed. Note that the new diffusion channel is about two orders of magnitude faster than the old one but still slower than the circulation rate around the on-top site. Comparing, however, two overlayers considered we note that ͑i͒ both diffusion and fast circulation are faster for the ϭ1/4 structure than they are for ϭ3/4 and ͑ii͒ due to the presence of the new channel, diffusion is relatively faster in comparison with circulation for ϭ1/4 than for ϭ3/4. This agrees with the observation made in Ref. 16 .
C. Effective model
The model including the new diffusion channel is too complicated for any analytic considerations except for extracting from it the diffusion constant and the equilibrium occupation probabilities. An effective model of lower dimensionality should be constructed. As usually, the aim of the effective models is to provide a simple model of the migration kinetics capable of describing exactly evolution over long times ͑here comparable with the diffusion and the fast circulation jump rates͒ but not attempting to account for the kinetics over the transient short times or the evolution involving physically unrealizable configurations ͓such as P ជ (7) of M I 7 (0)]. The dimension of the effective rate matrix depends on that how many time scales and/or configurations the effective model should account for. In our case the only configurations that are observable correspond to an extra atom occupying one of the hcp v i sites and the only time scales involved are the one associated with diffusion ͑the old and the new channel͒ and fast circulation in triangles of v i sites ͑as we have seen, this time scale corresponds to doubly degenerate eigenvalue͒. So, the simplest effective model should deal with a three dimensional rate matrix.
To begin with the situation in which the new diffusion channel is ignored we consider a rate matrix M I 7 (k) ͓Eq. ͑C1͔͒ as a starting point. It will become obvious immediately that the considerations to follow apply also to the rate matrix M I 9 (k) ͓Eq. ͑B1͔͒, leading to an effective model for the vacancy migration in the 3O(2ϫ2) overlayer as well. The time scales of interest are provided by the diffusive eigenvalue (1) and the doubly degenerate (2) ϭ (3) given, for the O(2ϫ2), ϭ1/4 overlayer, in Eqs. ͑19͒ and ͑20͒, respectively. The corresponding eigenvectors have first three components ͑corresponding to the occupation of one of the three hcp v i sites by an extra atom͒ much larger than any of the remaining ones ͑corresponding to the occupation of the metastable states͒. It should, therefore be possible, to describe the diffusion and circulation kinetics using an effective model limited to these three configurations and the effective transitions between them. In such a model the extra atom may occupy only one of the hcp v i sites and jump only to one of the four nearest to it unoccupied sites v j with a probability rate depending on whether the sites involved, v i and v j , belong to the triangle of the v l sites with the on-top site or to the triangle with the fcc h 0 site at the center. We denote these rates R ͑rapid͒ and S ͑slow͒, respectively. They are the effective rates and cannot be directly parametrized in terms of the prefactor times the thermal activation exponential, as done in Secs. II A 2 and II B. Referring to Fig. 3 , using the unit cell shown in it to see which transitions leave the extra atom within the cell and which are taking it out one can write the effective rates equations. After taking the Fourier transform we obtain the following rate matrix:
͑22͒
for which the eigenvalues are (1) ϭϪ 1 2
corresponding to the eigenvectors ͑1,1,1͒/3, ͑2,Ϫ1,Ϫ1͒/3, and ͑Ϫ1,2,Ϫ1͒/3, respectively, whose components match the corresponding components of the first three relevant eigenvectors in the original model based on M I 7 (k). The effective rates R and S can be identified by requesting that the eigenvalues in Eq. ͑23͒ match those in Eqs. ͑19͒ and ͑20͒:
More refined identifications of R and S in terms of the original rates are possible when necessary ͓e.g., when the condition ͑1͒ is not satisfied͔ but in such cases a three-dimensional effective model would not, most likely, suffice. We note in passing that the same effective model accounts also for the kinetics of the vacancy migration in the 3O(2 ϫ2), ϭ3/4 overlayer. In this case ͑see Fig. 1͒ the rates R and S are the effective rates of the vacancy jump between two hcp v i sites belonging to a triangle of these sites with the on-top or fcc h 0 site at its center, respectively. The identification of the effective rates is Sϭ . This is consistent with our earlier conclusion that, without the new diffusion channel, the kinetics of a vacancy migration in the 3O(2ϫ2) overlayer is completely analogous ͑physically equivalent͒ to that of an extra atom migration in the O(2ϫ2) structure. 
͑25͒
Note that the diffusion constant Ta 2 ͑in one dimension͒ obtained from the above expression differs by a factor of 2 from the diffusion constant ͑in two dimensions͒ obtained from Eq. ͑21͒ if only the new diffusion channel is taken into account, i.e., with W c ϭW d ϭ0. Such diffusion constant is obtained if the sequence of four transitions transferring effectively an extra atom from the hcp v 1 site to the nearest to it v 1 , shown in Fig. 4 , is replaced by effective (v 1 )↔(v 1 ) transitions occurring at the rate T defined in Eq. ͑25͒. With similar (v 2 )↔(v 2 ) and (v 3 )↔(v 3 ) transitions occurring at the same rates and with effective jumps defined above Eq. ͑22͒ occurring at the rates R and S it is easy to write the master equations involving only the occupations of the v 1 sites. For the unit cell shown in Fig. ͑3͒ the resulting effective rate matrix-accounting now for the fast circulation and diffusion and for the new diffusion channel-is
͑26͒
This effective rate matrix accounts only for the time scales of interest. Its eigenvalues are (1) 
which with T given in Eq. ͑25͒ and R and S identified in Eqs. ͑24͒ reproduces the results given in Eqs. ͑20͒ and ͑21͒. The corresponding eigenvectors are 
IV. SUMMARY AND CONCLUSIONS
We have examined the kinetics of migration of defects ͑i.e., vacancies or extra adsorbed atoms͒ within highly ordered oxygen overlayers on Ru͑001͒ using a mesoscopic approach based on phenomenological Master equations in the small defect concentration limit. In this approach several time scales involved in the atomic migration kinetics and observed in recent STM experiments are accounted for in a consistent manner. The microscopic atomic jump rates needed in this model are assumed to have the Arrhenius form in which the binding energy of the oxygen atom at a given adsorption site consists of the binding energy of the isolated atom and a sum of its interaction energies with all coadsorbed atoms. Profiting from the detailed experimental 16 information on the kinetics of the vacancy migration in 3O͑2ϫ2͒ overlayer at the coverage ϭ3/4 and theoretically determined 20 two-and three-body interactions between oxygen atoms adsorbed either at hcp or fcc adsorption sites at the Ru͑001͒ surface, we have determined, with a high degree of confidence, values of the relevant atomic jump rates and have constructed the mesoscopic model whose implications are consistent with the observations. The only uncertain parameters are several distance dependent two-body interaction energies X n between an oxygen atom adsorbed at a regular hcp site and another atom temporarily at a bridge between hcp and fcc sites. We have shown that these energies cannot be obtained by extrapolating the hcp-hcp (V n ), fcc-fcc (V n Ј), and hcp-fcc (U n ) interaction parameters in this sense that the resulting from such extrapolation rate parameters lead to the vacancy kinetics inconsistent with the experimental data ͑i.e., a fast vacancy circulation would occur within a triangle of the hcp sites centered around the on-top site rather than around the hcp sites as experimentally observed͒. Further theoretical work within the framework of the density functional theory approach of Ref. 20 is needed to refine the estimates of the bridge-hcp interactions and, consequently, the estimates of the rates presented in Table II .
The interaction parameters determined in the way described above allowed us to construct a model, no longer containing any free parameters, for the extra adsorbed atom migration kinetics within the O͑2ϫ2͒, ϭ1/4 overlayer. This structure supports the extra-atom migration modes which are physically ͑but not symmetry͒ equivalent to the modes of the vacancy migration in the ϭ3/4 overlayer. Moreover, if these physically equivalent modes were the only ones present for ϭ1/4 then the ratio of the diffusion to the fast circulation time scales ͑i.e., ͉ (2) ͉a 2 /D) would be roughly the same for both structures even if both time scales are, in general, faster for ϭ1/4. The less dense less rigid O͑2ϫ2͒ structure supports, however, several extra-atom migration modes which are ineffective in a more rigid 3O͑2ϫ2͒ overlayer. We have shown that one such mode, referred to as the ''new diffusion channel,'' can be very efficient and may significantly enhance diffusion making the ratio of the diffusion to circulation time scales significantly larger ͑by about two orders of magnitude in our case͒ for ϭ1/4 than it is for ϭ3/4.
An additional argument supporting our model assumptions and the choice of parameters comes from its use to determine the atomic jump rates in a O͑2ϫ1͒ ideal overlayer at ϭ1/2. The oxygen atoms form a rowlike structure here 9 and the model predicts that ͑i͒ single O atoms are over 3 orders of magnitude more likely to jump occasionally to one particular side of the row than to the other and ͑ii͒ the magnitude of the more likely jump rate is such that it should be possible to observe it directly while the predicted values of the jump rates for the ideal ϭ1/4 and ϭ3/4 preclude any observable atomic motion in these two structures. Indeed, all this is consistent with the observations. 16 The full model describing the kinetics of the extra atom or vacancy migration is rather complicated, predicts several time scales which are unobservable under standard experimental conditions, and often does not allow for a transparent analytical results. We have formulated an effective model of lower dimension which predicts only the observable behavior: fast circulation within one of the two possible types of triangles of the hcp sites ͓for both 3O͑2ϫ2͒ and O͑2ϫ2͒ overlayers͔ and much slower diffusion. Without the new diffusion channel the effective models for both structures are identical. With the new channel they, of course, differ. The rates in the effective models must be, however, derived by judicious considerations of the full models and the situation is often simplified by considering one diffusion channel at a time. This was the case in the present work. In situations in which more than two competing time scales would be observable effective models of dimension higher than three, considered here, would have to be formulated. It was not necessary to do that in this paper but we have, indeed, formulated several such models in the course of our work. In them, some of the metastable configurations have to be retained or, better, several metastable configurations of certain types are replaced by one fictitious configuration representing all of them.
APPENDIX A
In this Appendix we list expressions for the rates of all relevant atomic jumps in various oxygen overlayers on Ru͑001͒. These expressions are necessary to obtain the numerical estimates presented in Table II but are not needed in all formal considerations presented in Sec. III.
Rates of transitions for the 3O(2ϫ2), ϭ3/4 overlayers, shown in Fig. 1, in For the ideal structure, i.e., without the vacancy, the rates of these jumps must be modified as follows: The rates of transitions shown in Fig. 5 Equation ͑B3a͒ reproduces the kϭ0 limit of the diffusive rate (1) . The corresponding eigenvector has components P ជ (1) ϭ 1 3 ͩ 1,1,1,
We write each eigenvector as (A,B,C,a,b,c,␣,␤,␥) ͑in fact, these components should be arranged into a column͒. Its components satisfy, for general , a set of nine linear homogeneous equations. Their structure is such that once A, B and C are known the remaining components are uniquely determined. Adding all nine equations together one gets (AϩB ϩCϩaϩbϩcϩ␣ϩ␤ϩ␥)ϭ0 indicating that except for ϭ0 the sum of all components must vanish. An arbitrary deviation form the equilibrium, Eq. ͑15͒, is a linear combination of the right eigenvectors P ជ (2) through P ជ (9) .
The eigenvectors corresponding to the eigenvalues () , ϭ2, . . . ,7 determined by a cubic equation ͑B3b͒ have a property that AϩBϩCϭ0, aϩbϩcϭ0, and ␣ϩ␤ϩ␥ϭ0. Each of these eigenvalues is doubly degenerate so two out of three parameters A, B, and C must be free and the only condition restricting them is that their sum is zero. Choosing, for example BϭCϭϪA/2ϭϪ1/3 we immediately get components of one of the eigenvectors for, say, ϭ2,4,6, 
ͪ
.
͑C7͒
Compare it with the matrix of the eigenvectors of M I 9 (k) given in Eq. ͑B9͒ from which the last two rows and the last two columns are taken out. As in Eq. ͑B9͒ only in P ជ (1) ͑the equilibrium͒, in P ជ (2) , and P ជ (3) corresponding to the same degenerate eigenvalue, the components A,B, and C dominate over all the remaining ones.
APPENDIX D
The rate matrix M I 16 (k) consists of sixteen 4ϫ4 submatrices A I m,n (k), (m,nϭ1, . . . ,4) arranged as follows: Each of the above three submatrices describes, for W c ϭW d ϭ0 a diffusion of an extra atom in a O͑2ϫ2͒, ϭ1/4 overlayer along lines of hcp sites v 1 , v 2 , and v 3 , respectively, due to a sequence of jumps 1 through 4 shown in Fig. 4 ͑i.e., due to the new diffusion channel exclusively͒. The diffusive eigenvalue of each of them in this limit is given in Eq. ͑25͒.
